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SUMMARY
Methods for the preparation of barium titanate were investigated and the feasibility 
of modifying each method to produce a uniform powder suspension was evaluated. The 
alkoxide method employed by Ritter and his coworkers, based on the pioneering work of 
Masdiyasni, was ultimately pursued.
The method was successfully reproduced, yielding a product with the correct crystal 
structure and approximately the correct composition. Hydrolysis experiments were 
conducted in both ethanol and isopropanol, varying the alkoxide concentration, water 
concentration and stabilizing agent (HPC, H2S 0 4 or TCAA) concentrations. 'I he use of the 
stabilizing agents in the concentrations employed was found to have little effect on the 
particle morphology. Experiments were also run in isopropanol at 60°C, but the product 
that formed was part powder and part gel. Some insight was made into the process of the 
mixed alkoxide precursor formation, but the chemistry is still poorly understood.
In conclusion, the presence of an additional variable, reaction stoichiometry, creates 
a new and difficult problem for the colloid scientist. Further study of the reaction 
chemistry, the use of traditional methods for the stabilization of suspensions and the use of 
novel stabilization techniques will be required to produce a product with the desired 
particle morphology.
iii
INTRODUCTION
The preparation of ceramic materials with high dielectric constants is of considerable 
importance in the production of electronic ceramic devices such as capacitors. Barium 
titanate is one of the most commonly used materials in this application. The traditional 
synthesis of barium titanate involves the mechanical mixing of barium carbonate and 
titanium dioxide and subsequent heat treatment at temperatures greater than I(KK)°C (1). 
Recently discovered methods permit the formation of barium titanate at considerably lower 
temperatures. These methods include the gel method employed originally by Haschcn 
(2,3), thermal decomposition of organic precursors (such as barium titanyl oxalate) (4), and 
the alkoxide method originally employed by Mazdiyasni and his coworkers (5,6).
It has been shown that uniform green microstructures are most easily obtained from 
monosized powders and that such a microstructure is a prerequisite for obtaining reliability 
and reproducibility in ceramics processing (7). Methods have been developed for the 
preparation of uniform titanium dioxide suspensions, and these include an electrostatic 
stabilization method used by Barringer and Bowen (8), and a steric stabilization method 
used by Jean and Ring (9). However, the methods that currently exist for the preparation 
of barium titanate produce agglomerated suspensions, and historically very little attention 
has been focused on particle morphology. The goal of this project is to develop a 
chemical method for the preparation of a barium titanate powder with the desired uniform 
particle morphology. The work has involved the reproduction of the Mazdiyasni alkoxide 
method and a preliminary investigation into the adaptability of the method to the known 
methods for obtaining uniform, unagglomerated suspensions.
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LITERATURE REVIEW
METHODS FOR BARIUM TITAhATE PREPARATION
The gel method pioneered by Flaschen (2) involves the hydrolysis of an alcoholic 
solution of a titanium alkoxide in a concentrated aqueous solution of barium hydroxide. 
The following reaction occurs at a pH > 11:
Ti(OQH5)4 + HjO + Ba(OH)2 —-> BaTiO, + 4C,H9OH
If the reaction temperature is above 8()°C, a crystalline product was found to form 
immediately after mixing. Another method which is very similar involves the reaction of 
solid titania gel with barium hydroxide in a concentrated barium hydroxide solution. The 
following reaction occurs:
TiO, (gel) + Ba(OH)2 — -> BaTiO, + HzO
This method and the mechanisms for both of the above reactions were investigated by 
Diaz-Guemes, et. al. (3) It was found that the particles of barium titanate obtained from 
the second reaction appeared to be almost identical to those of the titania gel originally 
used. However the stoichiometry of the reaction (Ba:Ti mole ratio in the product) was not 
quite 1:1 for either reaction.
Some other methods for preparing barium titanate involve the formation and 
subsequent thermal decomposition of an organic precursor. One such precursor is barium
2
3litany I oxalate. Work on this method was conducted by Clabaugh (4). The reactions are 
as follows:
BaCl2 + TiCI4 + 2H ,CA -2H jO +H,0 -- > BaTiO(CA). 4HX) ♦ 6HC1
calcination
BaTiO(C20 4)2*4H20 ..................> BaTiO, + 4H20  + 2CO + 2CO,
Hxaniples of other organic precursors which have been used include citrates, formates and 
acetates.
Another method for the preparation of barium titanate is the alkoxide methtd 
pioneered by Mazdiyasni (5). This method involved the following cohydrolysis reaction :>f 
barium isopropoxide and titanium amyloxide:
CMTOH
BatOCA^ + Ti(OC5H„)4 + 3HX)......... > BaTiO, + 2C,H7OH + 4C*l1nOII
'I'he mixture of alkoxidcs was refluxed for 2 hours before the hydrolysis was carried out. 
A recent noteworthy modification of this method was reported by Ritter et. al. (6). This 
method involved the cohydrolysis of titanium isopropoxide and a barium 'extract.'' I'he 
extract was prepared by refluxing a slurry of barium oxide in ethanol for 2*4 hours, 
drawing off the supernatant liquid and evaporating the ethanol solvent into a vacuum at 
5()°C. A powder residue "extract" was left behind, whose composition was reported as a 
1:1 mixture of Ba(OC2H5)2 and (CA O ^UajO . An advantage of using this extract in place 
of a barium alkoxide is that the extract is less costly to prepare. A disadvantage is the
4fact that the chemistry of formation of the extract is not fully understood.
PREPARATION OF UNIFORM SUSPENSIONS
It has been shown by Barringer et. al. (7) that the use of monosized powders has 
significant advantages in ceramic processing. One advantage is the fact that the 
microstructure is most easily controlled during the densification process, resulting in the 
formation of a dense sintered ceramic with optimal properties. Another advantage is that 
suspensions of monosized particles are the most resistant to flocculation and therefore may 
be most easily formed into uniform dense slurries and ordered dispersions.
A basic discussion of the interactions of colloidal particles and the dynamics of 
particle coagulation is also provided by Barringer. For two colloidal particles, the total 
interaction potential can be described by a sum of attractive and repulsive potentials:
VT = VA (van der Waals) + VK (electrostatic) + VK (others)
Flocculation of particles occurs when the van der Waals attractive term is greater than the 
sum of the repulsive terms. The electrostatic term originates from the interaction of 
electrical double layers surrounding the particles and has the form:
V„ a  ee0v|//exp(-KH)
where e is the dielectric constant of the medium, y d is the Stem (diffuse layer) potential, 
1/tc is the Debye-Huckel length and H is the particle separation. It should be noted that 
may be approximated by the measured (^-potential which is a strong function of the pH of 
the medium and the electrolyte concentration. No net charge exists on the particle surface 
at the isoelectric point, and under that condition the repulsive terms would be at a 
minimum and therefore particle flocculation would be at a maximum.
5Barringer and Bowen have developed a method for the formation of a monodisperse 
titanium dioxide powder, using an electrostatic means for stabilizing the suspension (8). 
Their method involves the controlled hydrolysis of alcoholic solutions of either titanium 
tetraethoxide or titanium tetraisopropoxide. It was noted that when suspensions of the 
monosized titania were redispersed in water at a pH of 5.7 (near the isoelectric point of 
the powder) the suspension became agglomerated and when the powder was redispersed in 
water at a pH above 9 or below 4, the suspension remained stable. This illustrates the role 
of the pH in producing repulsive electrostatic forces between particles and ultimately 
stabilizing a suspension.
The work of Jean and Ring (9) involved the use of HPC, a sterically hindering 
surfactant, in their work in preparing monodisperse titania suspensions. A sterically 
hindering surfactant is a polymer which may be adsorbed onto the surface of the colloidal 
particles. The long alkyl chains of the surfactant act as a layer of ’hair” on the panicles 
and prevent two panicles from getting close enough together to aggregate. Two criteria 
were suggested for the choice of a stf rically hindering surfactant: It must allow polymeric 
reaction products to diffuse through the adsorbed layer and it must not be incorporated into 
the structure of the growing panicles. For titania, HPC meets both of these criteria and 
the use of HPC significantly decreased the amount of observed panicle aggregation.
EXPERIMENTAL
Barium tilanaie powder was prepared using techniques similar to those employed by 
Diaz-Guemes et. al (the "gel method") (3) and Ritter et. al. (the alkoxide methcxl) (6). 
For the alkoxide method experiments, hydrolysis reactions took place in both ethanol and 
isopropanol and methods similar to those employed by Barringer and Bowen (8) and Jean 
and Ring (9) were used to control particle morphology.
GEL METHOD
Solutions of 0.12 M Ba(OH)2 prepared by adding solid barium hydroxide 
octahydrate (Fisher Scientific Co.) to degassed, filtered deionized water, were added to 
solutions of 0.05 M titanium ethoxide (TEOT, from Aldrich Chemical Co.) in absolute 
ethanol (Midwest Grain Co.) in a 125 mL Erlenmeyer flask. Agitation was provided using 
a magnetic stir bar. The total solution volume was kept constant in each case at 80 mL 
and the volumes of each stock solution were varied. The reactions were carried out at 
room temperature. Conditions of the reaction mixtures are summarized in Table 1. Each 
reaction was allowed to run for two hours with stirring. The products were centrifuged 
and washed once with ethanol and twice with filtered, deionized water. The dried samples 
were then submitted for elemental analysis.
6
7Table 1: Conditions for Gel Method Experiment
Vol.
Ba(OH)j Vol. TEOT |Ba(OH)2l ITEOT
lispiJRun (m L )___ -1M J___ ~IM )
1. 1.5 78.5 0.0023 0.049
2. 3.0 77. 0.0045 0.048
3. 10. 70. 0.015 0.044
4. 20. 60. 0.030 0.038
5. 40. 40. 0.060 0.025
6. 60. 20. 0.090 0.013
ALKOXIDE METHOD EXPERIMENTS
For the initial experiments, the apparatus shown in Figure 1 was used, and the 
procedure for a typical run is as follows: In an inert argon atmosphere drybox, 0.83 g
(3.34 mmol) of solid barium isopropoxide (Alfa Chemical Co.) and a magnetic stirbar were 
loaded into a 250 mL three-necked roundbottom flask which was fitted with a reflux 
condenser and sealed. The apparatus was then brought out of the drybox and the 
remainder of the experiment was carried out under a dry nitrogen purge. 20 mL of ethanol 
was then injected into the flask, stirring was initiated and the solid dissolved. 16,7 mL of 
a 0.2 M TEOT solution in ethanol was then injected into the flask and stirring was 
continued for 10 min. at room temperature. The solution was then heated to reflux, and at 
this time a precipitate formed in the flask which remained after 30 min. of refluxing. At 
this point, 20 mL of a 20% by volume solution of water in ethanol was injected into the 
flask, and stirring and refluxing was continued overnight. The product was washed twice
8Figure It Initial Experimental
Apparatus
9KEY TO FIGURE I
1. Magnetic Stirplate
2. Variac
3. Heating Mantle
4. 250 mL, 3-necked Roundbottom Flask
5. Magnetic Stirbar
6. Glass Stopper
7. Rubber Septum
8. Reflux Condenser
9. Stopcock
10. Bubbler (filled with vacuum pump oil)
11. Air Filter
12. C aS04 Drying Columns
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with ethanol and was dried in an oven at 120°C overnight. A portion of this sample was 
submitted for elemental analysis. For the first experiment, another portion was calcined in 
a tube furnace for 20 hrs. at 700°C and powder x-ray diffraction patterns were obtained 
for both the original and calcined samples. A Rigaku D-Max diffractometer employing 
monochromatic Cu radiation was used for the x-ray diffraction analysis.
I ly d to ly m i^
The first experiment involving a modification of the standard method involved the 
use of hydroxypropylcellulo.se (HPC). Two experiments were conducted, and for both 
experiments, a final HPC concentration of 1.7lx 101 g/mL was used. For both experiments, 
an ethanol stock solution of HPC was prepared by adding 0.314 g of HPC (Aqualon Co., 
Wilmington, DE) having a molecular weight of 60,(XX), to enough ethanol to make 1(X) nil- 
of solution. For the first experiment, the method outlined above was followed except that 
20 mL of the HPC stock solution was added to the roundbottom flask to dissolve the 
barium alkoxide, in place of the absolute ethanol. The hydrolyzing mixture was made by 
mixing 0.171 g HPC, 20 mL of filtered, deionized water and enough ethanol to make l(X) 
mL of solution. Since particle formation occurs before hydrolysis when using this method, 
it was necessary to add the HPC before the alkoxides were mixed. More HPC was added 
with the hydrolyzing mixture to keep the concentration of HPC constant. The procedure 
for the second experiment was identical to that of the first experiment except that the water 
solution was added in aliquots every half hour over a five hour period. The products from 
these experiments were analyzed using transmission electron microscopy.
II
The second modification involved the use of sulfuric acid. A final concentration of 
1 x 101 M H2S 04 was used. The experimental method that was used was identical to the 
second UPC experiment, except that 18 mL of ethanol and 2 mL of a 0.018 M H2SQ4 
stock solution in ethanol was added in place of the UPC solution. The H2S04 stock 
solution was prepared using 95 % H2S 0 4 and absolute ethanol and performing subsequent 
dilutions. The hydrolyzing mixture was prepared from 5.5 mL of the 0.018 M 1LS04 stock 
solution, 20 ml- of filtered deionized water and enough ethanol to make 1(H) mL of 
solution. The product was analyzed using transmission electron microscopy.
l)y d tad y m JiU 8 V ^
The standard preparation method is identical to the standard method for the 
hydrolysis in ethanol except that isopropanol is used in place of ethanol and titanium 
isopropoxide is used in place of titanium ethoxide. A 0.20 M titanium isopropoxide 
solution may be prepared by diluting 5.685 g of 97 % titanium isopropoxide (Aldrich) to 
1(X) mL total volume in isopropanol. Using this method, a precipitate forms within four 
minutes after the addition of the titanium isopropoxide stock solution at room temperature. 
The precipitate redissolves as the reaction mixture is heated to about 50°C, and the 
hydrolyzing mixture is added to a clear solution. An experiment was conducted which 
involved the isolation of the first precipitate. This was accomplished through evaporation 
of the solvent at its boiling point and recovery of the solid in the dry box. A sample was 
submitted for elemental analysis.
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11Urolyiiis .in 1: Modifications
The firsi experiment involved the reduction of the concentrations of the alkoxides 
and the water. The standard preparation method was used, except that the final 
concentration of the alkoxides was 0.05 M and the final water concentration was 1.0 M. 
25 mL of isopropanol was used initially to dissolve the barium alkoxide and 25 mL of a 
hydrolyzing mixture containing 4.8 % water by volume in isopropanol was used.
The second experiment was identical to the first except that 16.7 mL of isopropanol 
was added initially, acid was added with the hydrolyzing mixture and the final water 
concentration was reduced to 0.25 M. Acid was added in the form of trichloroacetic acid 
(TCAA, Fisher Scientific), a strong organic acid (K, = 0.2) which exists as a solid at room 
temperature. The hydrolyzing mixture was 0.5 M in water (0.90 % by volume) and 1x10'
M in TCAA. 30 mL of this mixture was used, and the final acid concentration was 5x104
M. The product was analyzed using transmission electron microscopy.
Two additional sets of experiments were conducted which involved hydrolysis at 
60°C and variation of the water and acid concentrations. The apparatus shown in Figure 2 
was used. For both experiments, 180 mL of a "stock solution" which was 1.0 M in both 
the titanium and barium isopropoxides was prepared in a 5(X) mL, 3-necked roundbottom 
flask by mixing 4.600 g barium alkoxide, 130 ml- isopropanol, and 50 mL of a 0.36 M 
titanium isopropoxide solution in isopropanol under a nitrogen purge at rtxmi temperature. 
After formation of the initial precipitate, the flask was placed in the water bath set at 60°C
for 5 minutes and the precipitate dissolved. Stirbars were placed in each of five 125 mL
Hrlenmeyer flasks which were then sealed with rubber septa in a nitrogen atmosphere glove 
bag. 30 mL of the alkoxide stock solution was injected into each of the five flasks, and
6 Nitrogen
F igure  2: A ppara tus fo r  th e  6 0 °C
H ydrolysis E xperim ents
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KEY TO FIGURE 2
1. Plexiglass Water Bath
2. "Multi-Magnestir" Stirplate (Lab-Line Inc., Model 1278)
3. "Isotcmp" Immersion Circulator (Fisher Scientific, Model 70)
4. 125 mL Erlenmeyer Flask
5. 500 mL, 3-Necked Roundbottom Flask
6. Rubber Septum
7. Magnetic Stirbar
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each flask was placed in the bath. Stirring was initiated and 30 mL of the appropriate 
hydrol>zing mixture was added. Hydrolysis was continued overnight, with stirring. 
Conditions for the first set of runs, which involved a variation of the water concentration 
(with no acid added), are included in Table 2. Conditions for the second set of runs, 
which involved a variation of the TCAA concentration at a constant water concentration of 
0.5 M, are included in Table 3. Suspension samples were analyzed by transmission 
electron microscopy. The products were centrifuged at 5(XX) rpm for 18 hrs., and the
solids were dried in an oven at 7()°C overnight. Both the solids and the supernatants were 
submitted for elemental analysis.
V
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Table 2: Conditions for the First Series of 
60°C Hydrolysis Experiments
(No acid used)
R u n J U1QKM )
H20:Alkoxide
1
2
3
4
5
0.05 1:1
0.10 2:1
0.20 4:1
0.50 10:1
1.00 20:1
Table 3: Conditions for the Second Series of 
60°C Hydrolysis Experiments
(|H20 |  = 0.5 M)
Run # 1ICAAJ (ND
1 0.02
2 0.(X)5
3 * 0.005
4 0.(X)1
5 0.(XX)5
* - Run was made without stirring.
RESULTS AND DISCUSSION
GEL METHOD
The analytical results from the gel method experiment are summarized below:
Table 4: Gel Method Results
Ba Ti Ba.Ti
l-.xpt, Run # (wt, %) twL_aa Mole Ratio
1. 5.19 52.90 1:32.71
2. 8.80 53.30 1:17.37
3. 22.43 48.11 1:6.136
4. 37.37 37.09 1:2.846
5. 45.89 29.31 1:1.831
6. 46.01 28.98 1:1.806
From the above data, it is apparent that the reaction stoichiometry is difficult to 
control when using the gel method. Another problem which arises from this method is due 
to the high concentration of water present in the reaction mixture. The methods used for 
obtaining monodisperse titania (8,9) were dependent to a large extent upon an ability to 
control the hydrolysis reaction. Since the large water concentration results in a fast 
hydrolysis rate, the hydrolysis is very difficult to control using the gel method. The 
resulting powders showed a large degree of flocculation (large, visible agglomerations) as 
expected. Due to these drawbacks, the gel method was not found to be adaptable to the 
known means for obtaining uniform suspensions, and therefore was not pursued.
17
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ALKOXIDE METHOD
Two distinct advantages exist in using the alkoxide method. The first advantage is 
that the stoichiometry of the reaction is simple to control. According to Ritter, et. al. (6), 
"hydrolysis of equimolar mixed barium and titanium ethoxide solutions results in crystalline 
BaTiOj of 5-10 nm particle size.” This suggests that the final equilibrium solubilities of 
barium and titanium in the reaction mixture are negligible and therefore the composition of 
the product depends only upon the relative amounts of the reaction components initially 
added. The other advantage is that there are no restrictions on pH. This is important 
since the method of Barringer and Bowen for obtaining monodisperse titania (8) involves 
the variation of the pH. The major drawback of the method is the high cost of the barium 
alkoxide.
Standard Hydrolysis in Ethanol
Two identical experiments were conducted. For the first experiment, elemental 
analysis of the resulting powder revealed 64.09 wt. % Ba and 19.32 wt. % Ti (Ba:Ti mole 
ratio * 1:1.157). The powder for the second experiment was 59.85 wt. % Ba and 20.69 
wt. % Ti (Ba:Ti * 1.11:1). Analysis of the supernatant solution for the second experiment 
revealed 0.04 ppm Ba and 0.30 ppm Ti. This result shows that the hydrolysis reaction 
proceeds to completion and that the product must have essentially the same composition as 
the solution prior to hydrolysis. Inconsistencies in the observed stoichiometry were caused 
by experimental error or by contaminants present in the starting materials (such as residual 
solvent in the solid barium isopropoxide).
19
X-ray diffraction patterns were obtained for the powder from the first experiment 
and for a sample of the powder calcined at 700°C for 20 hrs, and these are shown in 
Figures 3 and 4 respectively. Data for the pattern from the calcined sample is summarized 
in Table 5. Literature data for the BaTiO, pattern (10) is summarized in Table 6. A 
comparison of Figures 3 and 4 shows the effect of heat treatment on the degree of 
crystallinity. The peaks in Figure 4 are sharper, indicating that the calcined sample had a 
higher degree of crystallinity. A comparison of Tables 5 and 6 verifies that the calcined 
product has the correct crystal structure. Slight deviations may be attributed to the 
existence of non-stoichiometric solid phases since the mole ratio of Ba:Ti in the product 
was not quite 1:1.
Standard Hydrolysis in Isopropanol
One advantage for conducting the hydrolysis in isopropanol is that the mixed 
alkoxide precursor remains soluble in the alcohol and a clear solution instead of a mixture 
already containing a solid may be hydrolyzed. The use of the method allows the 
stabilizing agents (surfactants or acid) to be added in the hydrolyzing mixture where 
solubility and the presence of water contamination are less important. Since the precursor 
was found to be sufficiently soluble at 6G°C, hydrolysis experiments could be conducted at 
that temperature.
Hydrolysis using the standard method in isopropanol yielded a powder which 
contained 52.15 wt. % Ba and 20.24 wt. % Ti (Ba:Ti = 1:1.23). Explanations discussed 
above may account for the deviation of the stoichiometry from 1:1. An experiment 
involving the reduction of the alkoxide concentration to 0.05 M resulted in a relatively
20
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Figure 3: Powder x-ray diffraction pattern for original hydrolysis prcxluct.
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Figure 4: Powder x-ray diffraction pattern for hydrolysis product calcined 20 hrs. 
at 700°C.
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d (A)
4.03
3.99
2.838
2.825
2.314
2.019
1.997
1.802
1.790
1.786
1.642
1.634
1.419
1.412
1.337
1.332
1.275
1.264
1.263
1.214
Tabic 5: X-Ray Diffraction Data For Hydrolysis Product 
(Calcined 20 Hrs. at 700°C)
s u A ) Relative Intensity
5.304 38
4.019 149
3.726 53
2.838 666
2.312 171
.'..006 207
1.797 70
1.638 214
1.418 89
1.267 69
1.210 46
Tabic 6: Literature X-Ray Diffraction Data For BaTiO, (10)
Relative Intensity d (A) Relative Intensity
12 1.205 5
25 1.1569 7
100 1.1194 1
100 1.1161 1
46 1.1082 1
12 1.0746 7
37 1.0703 12
6 1.0679 12
8 1.0093 1
7 0.9984 2
15 0.9784 1
35 0.9742 1
12 0.9710 1
10 0.9686 1
5 0.9506 3
2 0.9465 1
5 0.9419 5
7 0.9208 2
9 0.9166 2
3 0.9010 3
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stable suspension. Particles from the experiment are shown in Figure 5.
Elemental analysis results for the first set of 60°C hydrolysis experiments are 
summarized in Table 7. Equilibrium solubility data is plotted against water concentration 
in Figure 6. A watenalkoxide ratio of greater than 10:1 would be sufficient to force the 
hydrolysis reaction to completion. The products from the individual experimental runs 
were found to be part gel and part powder. This suggests that the hydrolysis at lower 
temperatures may not be a reliable means for producing powders. A transmission electron 
micrograph for one of the powders (Run #4, IF,0:Alkoxide = 10:1) is shown in Figure 7.
Table 7: Results from First 60°C Hydrolysis Experiment
(Powder Sample)
Ba:Ti
M a J 3 Tj Ba.XwL%j Q A M 3 } Mole Rat
1:1 15.(X) 40.27 4.48 1:1.068
2:1 15.46 40.79 4.24 1:1.086
4:1 15.K2 41.18 2.44 1:1.101
10:1 16.06 42.07 3.10 1:1.094
20:1 17.33 45.65 1.83 1:1.088
Alkoxide Chemistry:__Characterization of the Mixed Precursor
Through experimental observations, it is apparent that the mixture of alkoxides 
undergoes complex changes prior to hydrolysis. During the isopropanol hydrolysis 
procedure a precipitate, which is believed to be a "mixed alkoxide precursor" having the 
composition BaTi(OC,H7)6 comes out of solution shortly after the alkoxides are mixed at 
room temperature. A compound with this composition would be 40.4 wt. % C, 7.87 wt. % 
H, 8.05 wt. % Ti and 25.7 wt. % Ba. In order to understand the observed phenomena, the

25
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Figure 6: Final hydrolysis equilibrium concentrations for the first 60°C hydrolysis 
experiments.
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Figure 7: Panicles obtained from hydrolysis in isopropanol at 6()0C. (Alkoxide)
0.05 M, IH20] = 0.5 M- 175,(XX) X magnification.
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mixed alkoxide precursor was isolated through evaporation of the boiling solvent. 
(Elemental analysis revealed 22.28 wt. c/c C, 4.30 wt. % H, 7.96 wt. % Ti and 47.78 wt. ck 
Ba. This gives a Ba:Ti mole ratio of 1.85:1. It should be noted that a white precipitate 
formed in a line carrying solvent vapor and condensate from the reaction flask, and this 
suggests that some of the titanium compound was lost through evaporation (and was 
subsequently hydrolyzed in air) which would account for the deviation of the ratio from 
1:1. The carbon deficiency could have resulted from the fact that the titanium alkoxide 
has four alkoxy groups and the barium alkoxide has two. Therefore, if the titanium is lost 
through evaporation of the titanium alkoxide, carbon must also be lost. A process 
consistent with the observations would involve an equilibrium in the solution between the 
mixed alkoxide and the barium and titanium alkoxides:
BaTirtX M U  «■— ......... Ba(OC\H7)2 + Ti(OC,H7)4
As the titanium alkoxide is removed through evaporation, the equilibrium is shifted to the 
right and a significant amount is lost from the solid phase. More study is required to fully 
understand the chemistry of ;he alkoxides.
Sl c JUx^ of lJPC
A fast addition of the hydrolyzing mixture resulted in a visibly flocculated 
suspension, even with the use of HPC. This may be explained by considering the presence 
of large water concentration gradients in the reaction mixture as a result of the fast 
addition. The hydrolysis reaction occurred much faster in the regions of high water 
concentration, and flocculation occurred as a result. A transmission electron micrograph is 
shown in Figure 8. Addition of the hydrolyzing mixture over a five hour period resulted 
in a much more uniform suspension (Figure 9). The use of this method eliminated the
28
Figure 8: Particles obtained from hydrolysis in ethanol using |HPC] = 1.71x10’* g/mL and
adding hydrolyzing mixture quickly. 230,000 X magnification.
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presence of water concentration gradients and was therefore met with improved results. 
However, it is unclear whether or not the HPC significantly affected the particle 
morphology.
Hkcus&Mic Stabilisation:...The .li&fcjrf Acid
The pH of the medium for the ethanol hydrolysis method was changed by the 
addition of ethanolic H2S 0 4. The hydrolyzing mixture was added slowly in the experiment, 
analogously to the second HPC experiment. A stable suspension was obtained, and the 
particles are pictured in Figure 10. However, it is once again unclear if the acid
significantly improved the particle morphology.
For the isopropanol hydrolysis, the pH of the medium was changed through the 
addition of trichloroacetic acid (TCAA). The advantage of the use of TCAA in place of 
HCI or I12S 0 4 is that the counterion is organic and will not remain in the ceramic material 
after processing at high temperatures. This is of particular importance when dealing with 
electronic materials (such as BaTiOj) where contamination from chloride or sulfate is 
particularly undesirable. However, the trichoroacetate ion may form a complex with the 
metals if used in a high concentration. A reasonably stable powder suspension was 
obtained using 5x105 M TCAA, 0.25 M H20  and 0.05 M alkoxide, and the particles are 
shown in Figure 11. Comparison of Figure 10 with Figure 5 (hydrolysis in isopropanol 
with no acid) reveals that the acid had little effect on particle morphology.
Elemental analysis results for the second set of 60°C hydrolysis experiments are 
summarized in Table 8. A transmission electron micrograph from one of the runs (Run 
#5, |TCAA| = 5X10-4 M) is shown in Figure 12. Once again, the products which formed
n M10: Paftklcs obtained lrom ludm h ns m r :1..iru•! uo:u’ j HNU . j
1 ^0,000 X m apntkaiion
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Figure 11: Particles obtained from hydrolysis in isopropanol using (alkoxide) = 0.05
M» [H2OJ = 0.25 M and [TCAAJ = 5xl04 M. 36,000 X magnification.
r i I\irtk'k ihtaincti hum huimhsis m iNopropanol at (>0 ( ' 
0.05 M, |H O ] 05 M ami fl(/A A | S 1 0 4 M 
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Table 8: Results from the Second 60°C Hydrolysis Experiment 
11KO| = 0.5 M, IAlkoxide 1 = 0.05 M 
(Powder Samples)
TCAA) Ba:Ti
CM)... BiLtwj 3 )  C (wt.%j [Mole Rat
0.02 14.47 38.36 5.39 1:1.081
0.005* 15.14 40.55 3.93 1:1.070
0.(K)5 15.82 43.07 4.14 1:1.053
().(K)1 16.26 42.69 3.02 1:1.092
(UKK)5 16.72 44.38 2.96 1:1.080
* - No stirring was used.
t»o
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Figure 13: Final hydrolysis equilibrium concentrations for the second 
set of 60°C hydrolysis experiments.
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were part gel and part powder. A comparison of the products from the second and third 
runs revealed that the stirring had little effect on the particle morphology, but may have 
had significant effect on the product composition. Equilibrium solubility data is plotted 
against acid concentration in Figure 13. Effects from the reaction of the counterion with 
the metals in solution are significant at the higher acid concentrations and are shown by 
the higher carbon content of the solid and the lower equilibrium metal concentration in the 
supernatant.
CONCLUSION
The preparation of a uniform powder containing more than one metal is a new and 
difficult challenge fo** a colloid scientist. Complex reaction chemistry creates much 
difficulty in obtaining the desired stoichiometry and particle morphology. For this 
investigation, different methods were investigated for the formation of barium titanate 
powder and the adaptability of each of the methods to modifications enhancing particle 
morphology was evaluated.
The alkoxide method of Mazdiyasni was ultimately pursued. Experiments involving 
the use of different solvents (ethanol and isoprupanol), stabilizing agents (HPC and acid), 
alkoxide concentrations and water concentrations were conducted. Powuers having 
approximately the correct stoichiometry and crystal structure were produced. However, the 
use of the stabilizing agents was not found to have significant effect on particle 
morphology. The chemistry of the mixed alkoxide precursor formation is pcxirly 
understood and more study is required to correctly characterize this intermediate.
Further study is required to find an optimal means for stabilizing suspensions of the 
nanometer size barium titanate powder. Use of such a novel technique will result in an 
ideal powder suitable for use in the technologically advanced electronic devices of the 
future.
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RECOMMENDATIONS
(1) The barium alkoxidc should be prepared synthetically, rather than purchasing 
the reagent commercially. The alkoxide is extremely expensive and the quality of the 
purchased product is questionable. Such a synthesis will also permit the use of different 
alkoxides (eg. butoxide, pentoxide) in barium titanate preparation.
(2) More study is needed in the characterization of the “mixed alkoxide precursor.’1
An understanding of the reaction chemistry is important to the development of an enhanced
synthetic method.*
(3) More extensive experiments need to be conducted over a wide range of 
surfactant, acid and alkoxide concentrations in order to determine “idear reaction 
conditions. The use of different surfactants (eg. sodium lauryl sulfate) should also be 
investigated.
(4) The second “gel method" suggested by Diaz-Guemes and his coworkers (3) 
should be tried using monodisperse titania powder and aqueous barium hydroxide. Large, 
well defined powders may result.
(5) Novel methods for the stabilization of suspensions should be explored as the 
basic methods employed in this investigation may prove insufficient for the stabilization of 
a nanometer-sized powder suspension.
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